The effect of proton exchange carried out using benzoic and pyrophosphoric acid on the nonlinear optical coefficient (d) of LiNbOs and LiTa03 was studied using a second-harmonic generation reflectance technique. Significant degradation in the d coefficient of LiNbOs and LiTaOs was observed as a result of proton exchange with either benzoic or pyrophosphoric acid under the conditions studied. Some recovery only in the short time proton-exchanged sample (0.5 h at 180 "C!) of LiNbO, was observed under thermal annealing at 350 "C! for 1 h. Results of in situ measurement of second-harmonic signal recovery under thermal annealing are reported. Results are also presented on theoretical and experimental variations of second-harmonic generation intensity with an incident polarization angle.
Second-harmonic generation (SHG) in LiNbO, and LiTaO, waveguides has been shown to be a promising method for producing a blue wavelength laser.ls2 Among the waveguide fabrication techniques, the proton exchange method is preferred because it is simple, produces very low-loss waveguides (0.5 dB/cm), gives large refractive index changes ( An=O. 15)) and minimizes optical damage.3 However, proton exchange using benzoic acid has been shown to be accompanied by a substantial reduction in the electro-optic coefficient;4s5 some decrease in the nonlinear optical coefficient (d) has also been observed. 6'7 Limited recovery of an electro-optic coefficient and a nonlinear optical coefficient occurs under thermal annealing.7*8 However, very recently Laurel1 et aL9 have reported a 30-fold reduction in the optical nonlinearity for LiNb03, and contrary to previous reports,7 they iind that the optical nonlinearity cannot be effectively restored by thermal annealing. Bortz et al. lo have measured the d33 nonlinear coefficient in proton-exchanged LiNbOs using angledependent reflected SHG and observed a reduction to < 1% of the bulk LiNb03 value.
Recently an improved proton exchange source using pyrophosphoric acid has been implemented because of its higher boiling temperature (300 "C) and low vapor pressure. Low loss (0.5 dB/cm) waveguides have been prepared in LiNb03 and LiTaO, using pyrophosphoric acid and efficient blue-light generation has been achieved." However, the effect of the proton exchange process using pyrophosphoric acid on the nonlinear optical coefficient is not known. Here we report the effect of the proton exchange process carried out using benzoic acid and pyrophosphoric acid on the nonlinear optical properties of LiNb03, LiTa03, and recovery of the nonlinear coefficient under thermal annealing. The nonlinear optical coefficient was evaluated using a reflection technique.7*12, '3 The SHG apparatus used was similar to that previously described by Cao et al7 Collimated 1064 or 532-nm light from a lo-Hz, Q-switched Nd:YAG laser was passed "'Permanent address: Materials Science Department, Cornell University, Ithaca, New York 14850.
through a polarizer half-wave plate and SH-absorbing fllter before being directed onto the sample at a 45" angle of incidence. The incident beam radius was 1 mm and the average power was maintained below 100 mW. The second-harmonic light reflected from the front surface was passed through an analyzing polarizer, interference filter, and detected using a photomultiplier tube. The resulting signal was subsequently monitored using a gated integrator and was digitized by a computer. Due to the high absorption coefficient of LiNb03 and LiTaOs at a wavelength of 266 nm, the detected signal was from the front surface of the crystal only. X-cut and Z-cut LiNb03 and LiTaO, crystals obtained -from Crystal Technology Inc. were used in this study. Waveguides were prepared by proton exchange in benzoic acid and in pyrophosphoric acid (H4P207 from Aldrich) with a heating rate of 10 "C/min and cooling rate of 20 "C/ min. Coupling measurements using 633~nm light confirmed the presence of approximately l-pm-thick waveguides of high optical quality.
If the incident beam makes an angle ej with the surface normal, has a polarization angle 9 with respect to the normal to the plane of incidence, and has an intensity I, then the nonlinear polarizations for Z-cut LiNb03 with the Y axis perpendicular to the plane of incidence can be written asI
fj cos'q-f: cos2 Bisin' p) +f,fi 41 sin Oi sin 2~~1, Results of d-coefficient measurements at fundamental wavelengths of 532 nm for proton-exchanged LiNbOs using benzoic acid and pyrophosphoric acid are presented in Table I . The incident beam powers used were below threshold for photorefractive effects to be observed as no change in signal was observed even for 1 h exposure to the incident beam. The shape of the pattern is related to the structural symmetry of the crystal and of the surface. The large scatter in the experimental data at the incident ppolarized light on X-cut crystal occurs because of possible SHG intensity contribution from d33, due to possible small misalignments of the crystal.
In situ measurement of recovery of d33 under thermal annealing was made. The sample was located in a heating furnace and the SH signal was continually monitored while the sample was maintained at a temperature of 310 "C. Figure 3 shows the recovery of the SH signal as a function of time. No recovery is seen for the initial 30 min during which the oven was heating up from room temperature to the final annealing temperature (3 10 "C) . There is a quick recovery of d33, which begins at approximately l$ h into the annealing process, which saturates to a value of approxi- Becker4 has shown that a proton exchange process using benzoic acid gives rise to a considerable reduction, by a factor of 2.7, in the electro-optic coefficient. If the nonlinear response is purely a result of electronic polarizations, the electro-optic and d coefficients are proportional,15 and any decrease in the electro-optic coefficient is necessarily accompanied by a corresponding decrease in d. However, the electro-optic coefficient for LiNb03 is known to have contributions from ionic polarizations. Such polarizations have no effect on the SHG process. Hence, it is possible for the electro-optic and SHG processes to be affected differently by proton exchange. Suhara et aL6 reported a 50% reduction in d coefficient at 1064 cm for proton exchange in benzoic acid. Similarly, Cao et aL7 have reported a 40% reduction, however annealing restored the d coefficient to 90% of the bulk value. In experiments at 532nm, Laurel1 et al9 find that the optical nonlinearity cannot be effectively restored by thermal annealing. Bortz et al. lo suggest that the difference between their results and of those in Ref. 7 is due to neglect of the reflected second-harmonic field on both the d33 discontinuity at the film-substrate interface and angular dependence of the nonlinear polarization. Our results indicate that LiNb03 samples that were proton exchanged for 0.5 h at 180 "C showed some recovery of the nonlinear coefficient, while samples that were proton exchanged for 1 and 1.5 h did not show any measurable recovery under thermal annealing conditions used. The SH signal obtained from LiNb03 samples was from the front surface as skin depth is order of approxi- mately 0.1 pm, while SH conversion waveguide devices are microns deep. The proton exchange process followed by annealing may produce higher lattice disorder at the top surface, which could explain why it is possible to see some waveguide SH conversion even though the nonlinear coefficient is degraded. In contrast to LiNbOs, LiTaO, showed only partial loss of optical nonlinearity measured at 532 nm upon pexchange using either pyrophosphoric acid or benzoic acid. Thermal annealing produced only small loss in nonlinearity for LiTaO, p exchange in benzoic acid. Complete loss of nonlinearity was observed in the case of pyrophosphoric acid. These results also differ with annealing results for LiNbO, where some recovery of optical nonlinear coefficient was observed. The LiTaOs index increases after annealing while the LiNbO, index decreases. Increase in in- dex may cause some distortion in structure, which can affect SH signal. To understand the degradation mechanism, structural characterization of proton-exchanged and annealed LiNbOs and LiTaO, is ongoing.
In summary, the results of proton exchange carried out using benzoic acid and pyrophosphoric acid on the d coefficient of LiNb03 and LiTaO, are presented. Significant degradation in the d coefficient was observed for LiNbOs and LiTaOs. Limited recovery of a nonlinear coefficient was observed under thermal annealing. Good agreement between results of theoretical and experimental variations of SHG intensity with incident polarization angle was observed.
